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The future collider landscape
• Future colliders can mean many things:

• HL-LHC

• EIC

• LHeC


• Circular : LEP3, FCC-ee


• Linear  (LCF, CLIC, ...)

• FCC-hh

• Muon Collider (125 GeV, 3/10 TeV, ...)


• Wakefield 

• Most of these could be considered 'Higgs factories'

ee
ee

ee
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LHC
• LHC is already a Higgs factory:  Higgs by 

end of HL-LHC


• The challenge is the backgrounds


• Measurements of rare, clean decays 
( ) will not improve much until 
an eventual FCC-hh


• Other measurements will be largely theory limited 
(assumes factor of 2 improvement from today)

𝒪(108)

4ℓ, γγ, Zγ, μμ, …

2HL-LHC Physics Highlights

https://cds.cern.ch/record/2928907


FCC-hh
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• Cross sections ~20x larger at 100 TeV


• With ~20/ab luminosity,  Higgs


• Biggest qualitative differences from LHC are 
boosted topologies

𝒪(1010)

Borgonovi et al

• Obtain high precision on ratios to 
minimize systematics


• Enough statistics to select only well 
understood phase space regions

https://cds.cern.ch/record/2642471


 Colliderse+e−
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FCC 

 

https://inspirehep.net/literature/2917350


 Colliders for Higgs physicse+e−

• Higgs precision overwhelmingly from Higgstrahlung: 


•  Higgs produced -- most measurements will be statistics limited


• Theory uncertainty requirements much less strict than at Tera-Z. Relevant 
wishlist from ESPP:

e+e− → ZH
𝒪(106)

CLIC 2018 Summary Report
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Physics Briefing Book

https://inspirehep.net/literature/1709232
https://arxiv.org/pdf/2511.03883


 Colliders for Higgs physicse+e−

• Higgs precision overwhelmingly from Higgstrahlung: 


•  Higgs produced -- most measurements will be statistics limited


• Theory uncertainty requirements much less strict than at Tera-Z. Relevant 
wishlist from ESPP:

e+e− → ZH
𝒪(106)

CLIC 2018 Summary Report

ECFA Study
5

Physics Briefing Book

• Key advantage: Inclusive  from 
recoil mass


• Turns into an absolute coupling 
measurement in  framework


• Also use to measure  MeV

σZH

κ
δmH ∼ 4

https://inspirehep.net/literature/1709232
https://inspirehep.net/literature/2936712
https://arxiv.org/pdf/2511.03883


 Colliders: Unique Precision Opportunitiese+e−

• Strange tagging: measure  to  levelH → ss̄ 𝒪(1)
FCC Feasibility Study
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https://inspirehep.net/literature/2917350


 Colliders: Unique Precision Opportunitiese+e−

• Strange tagging: measure  to  level


• A dedicated multi-year 125 GeV run could constrain 

H → ss̄ 𝒪(1)

δκe ∼ 𝒪(1)

FCC Feasibility Study

Interesting aside:  125 GeV  could do this for μ+μ− κμ
de Blas, Gu, Liu

FCC Feasibility Studyd'Enterria, Poldaru, Wojcik
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https://inspirehep.net/literature/2917350
https://inspirehep.net/literature/2048981
https://inspirehep.net/literature/2917350
https://inspirehep.net/literature/1877457


Muon Colliders
• Energy and precision in one machine


• Constrain or discover nearly any BSM 
coupled to EW up to M = ECM /2

ECM /2

The Muon Collider
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https://inspirehep.net/literature/2917073


Muon Colliders
• Energy and precision in one machine


• Constrain or discover nearly any BSM 
coupled to EW up to 


• For SM processes: muon colliders are gauge 
boson colliders

M = ECM /2

Han, Ma, Xie

ECM /2

The Muon Collider

Garosi, Marzocca,Trifinopoulos

Ruiz, Costantini, Maltoni, Mattelaer
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https://inspirehep.net/literature/1809057
https://inspirehep.net/literature/2917073
https://inspirehep.net/literature/2647257
https://inspirehep.net/literature/1960240


Muon Colliders
• 10/ab   Higgses - How good is its Higgs physics program?


• For Higgs physics: 90% -fusion, 10% -fusion

→ 𝒪(107)
W+W− ZZ MF, Meade 2022

MF, Meade 2023

• Nearly all important SM processes are 
VBF - even ttH
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https://inspirehep.net/literature/2686021
https://inspirehep.net/literature/2054278


Muon Colliders
• Physics outputs depend on forward muon tagging to distinguish /  fusion

• Width extraction requires some thought, but can be done robustly

• End conclusion: Higgs sensitivity similar to  GeV 

• Complementarity -- different production modes than at 

ZZ WW

250 ee
ee

MF, Meade 2022
MF, Meade 2023

Being verified channel-by-
channel in full simulation 
Muon Collider ESPP Report
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https://inspirehep.net/literature/2686021
https://inspirehep.net/literature/2054278
https://inspirehep.net/literature/2917073


The big picture in one slide

κ = g/gSM

From 2026 European Strategy 10

https://inspirehep.net/literature/3070637


The big picture in one slide

From 2026 European Strategy

 on ∼ 0.1 % κV, κb
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https://inspirehep.net/literature/3070637


The big picture in one slide

From 2026 European Strategy

 on 


on 

∼ 0.1 % κV, κb

∼ 1 % κc
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https://inspirehep.net/literature/3070637


The big picture in one slide

From 2026 European Strategy

 on 


on 

Clean rare decays 
and :  wins

∼ 0.1 % κV, κb

∼ 1 % κc

κt pp

10

https://inspirehep.net/literature/3070637


The big picture in one slide

From 2026 European Strategy

 on 


on 

Clean rare decays 
and :  wins


(fewer 
assumptions)

∼ 0.1 % κV, κb

∼ 1 % κc

κt pp

ΓH ∼ 1 %
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https://inspirehep.net/literature/3070637


Higgs Self Coupling
• Biggest takeaway: HL-LHC is hard to beat!


• Direct measurement at  collider requires 
 GeV ( )


• FCC-ee constraint from loop-induced effects


• MuC measurement uses VBF 


• FCC-hh or MuC necessary to get 

e+e−

ECM ≳ 500 e+e− → Zhh

VV → hh

𝒪(5%)

From 2026 European Strategy

11

https://inspirehep.net/literature/3070637


Beyond Kappas
• -framework doesn't tell the whole story even for couplings


• Example: Higgs self-coupling at FCC-ee:
κ

12



Beyond Kappas
• -framework doesn't tell the whole story even for couplings


• Example: Higgs self-coupling at FCC-ee:


• In general, can't turn on only  at one-loop. Need to consider other loop-
induced processes!


• SMEFT is the natural framework to do this consistently

κ

κ3
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SMEFT
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E

Λ ≫ vEW

vEW

EF
T 

re
gi

m
e

• Assuming new physics is heavy, can integrate it out and use EFT:


• 2500 operators in general, but diagonal CKM reduces to  
in practice


• Provides a powercounting based bottom-up approach for NP


• Systematically improvable in loops and 


• At  colliders, no worries about EFT validity, unitarization, etc

𝒪(200)

Λ
e+e−

ℒ = ℒSM + ∑
Ci

Λd−4
𝒪(d)

i



• QCD corrections fully automated in MadGraph


• Electroweak corrections still must be done process-by-process


• State of the art for EWPO already include these


• For Higgs: many interesting operators enter first in EW corrections — i.e. Cϕ

Going to 1-loop in the SMEFT
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Degrande, Durieux, Maltoni, Mimasu, Vryonidou, Zhang 2021

• At a given order in , can compute arbitrary SM loopsΛ

ℳ = ℳSM +
1

Λ2
ℳ(0)

EFT +
1

(4π)2Λ2
ℳ(1)

EFT + …

https://inspirehep.net/literature/1813609


• Inputs: , and additional  for 


• On-shell renormalization for SM params,  for SMEFT coefficients


• For bottom up constraints on , this is everything. 


• For top-down constraints on explicit models, need to match at  and run


• Fully NLO accurate constrains require 2-loop RGE's: recently available!

GF, mW, mZ, αS, mh, mt mf H → ff̄

MS

Ci(μ)

μ = Λ

Going to 1-loop in the SMEFT
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Ci(μ) = C0,i −
1
2 [ 1

ϵ
μ2ϵ] 1

16π2
γijCj(μ)

dCi(μ)
d ln μ

=
1

16π2
γijCj(μ)

Born, Fuentes-Martín, Thomsen

https://inspirehep.net/literature/3112547


• NLO SMEFT corrections to  known


• Depends on 10 coeffs at LO, ~70 at NLO

e+e− → Zh

 in the SMEFTe+e− → ZH

Numerical results on GitLab

16

Asteriadis, Dawson, Giardino, Szafron PRL 133 (2024) 23, 231801

Asteriadis, Dawson, Giardino, Szafron JHEP 02 (2025) 162

• Needs to be combined with  and  decays for the 
full fit!

Z H

https://gitlab.com/mforslund/smeft-nlo-popxf
https://inspirehep.net/literature/2856519
https://inspirehep.net/literature/2829748


Higgs decays in the SMEFT
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•  


• 


• 


• 


• 


•

H → bb̄

H → τ+τ−, μ+μ−, cc̄

H → gg

H → γγ

H → Zγ

H → ggZ

Gauld, Pecjak, Scott, PRD 94 (2016) 7, 074045           Cullen, Pecjak, Scott, JHEP 08 (2019) 173     Cullen, Pecjak, JHEP 11 (2020) 079

Gauld, Pecjak, Scott, JHEP 05 (2016) 080       Cullen, Pecjak, JHEP 11 (2020) 079

Deutschmann, Duhr, Maltoni, Vryonidou, JHEP 12 (2017) 063     Corbett, Martin, Trott JHEP 12 (2021) 147     Martin, Trott JHEP 01 (2024) 170

Hartmann, Trott, PRL 115 (2015) 19, 191801                                Dawson, Giardino, PRD 98 (2018) 9, 095005                

Hartmann, Trott, JHEP 07 (2015) 151                                            Dedes, Paraskevas, Rosiek, Suxho, Trifyllis JHEP 08 (2018) 103 

Dawson, Giardino, PRD 97 (2018) 9, 093003                                Dedes, Suxho, Trifyllis JHEP 06 (2019) 115 

Dawson, Forslund, Giardino, PRD 111 (2025) 1, 015016

Rossia, Thomas, Vryonidou JHEP 11 (2023) 132

•  


•  

H → qq̄Z

H → ff̄W±

Bellafronte, Dawson, Del Pio, Forslund, Giardino, PRL 136 (2026) 5, 051801

Bellafronte, Dawson, Del Pio, Forslund, Giardino, [2601.09599]

• H → ℓ+ℓ−Z

https://inspirehep.net/literature/1477424
https://inspirehep.net/literature/1729733
https://inspirehep.net/literature/1809484
https://inspirehep.net/literature/1408760
https://inspirehep.net/literature/1809484
https://inspirehep.net/literature/1614159
https://inspirehep.net/literature/1885488
https://inspirehep.net/literature/2658419
https://inspirehep.net/literature/1382628
https://inspirehep.net/literature/1684504
https://inspirehep.net/literature/1369122
https://inspirehep.net/literature/1670949
https://inspirehep.net/literature/1646265
https://inspirehep.net/literature/1727269
https://inspirehep.net/literature/2848286
https://inspirehep.net/literature/2669407
https://inspirehep.net/literature/2963039
https://inspirehep.net/literature/3105062


NEWiSH
• Fixed-order Monte Carlo code


• Consistent implementation of all major  partial widths at 
NLO QCD and EW in the SMEFT


• Exact  at LO, NWA at NLO


• All Higgs decays also now known at NLO*: can combine with 
 and do fully NLO accurate constraints!

H

H → 4f

e+e− → ZH

Bellafronte, Dawson, Del Pio, MF, Giardino

NLO

Electro-

Weak

in the

SMEFT for

Higgs widths 

https://gitlab.com/mforslund/newish
Numerical results also on GitLab
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https://inspirehep.net/literature/3105062
https://gitlab.com/mforslund/newish
https://gitlab.com/mforslund/smeft-nlo-popxf


Corrections can be large
• Up to 40% corrections to some LO 

operators at NLONLO, e+e-

NLO, μ+μ-

LO
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• With realistic experimental cuts, 
corrections become even larger

19



Higgs self-coupling at FCC-ee
• Equivalently, in terms of ’s*


• Only linear pieces, consistent with 
 truncation

κ

𝒪(1/Λ2)

δZ =
1
4

v2

Λ2 (CϕD + 4Cϕ□)

κλ = 1 +
v2

Λ2 ( 3
4 [CϕD − 4Cϕ□] − 2

v2

m2
H

Cϕ)

*Depends on 3 coeffs — we took  here Cϕ□ = 0
Bellafronte, Dawson, Del Pio, MF, Giardino
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https://inspirehep.net/literature/2963039


At 1-loop, operators contribute to many observables
• At FCC-ee, most stages will be precise enough that SMEFT loops matter

• Each process should be computed at NLO accurate for the general fit

• Done:


•  and decays


• EWPO

• Wishlist:


•  beyond the NWA


•  (in progress)


• 


•

e+e− → ZH

H → 4f
e+e− → tt̄
e+e− → W+W−

e+e− → (νν̄, ℓℓ)H
21

• At one-loop, operators contribute to 
all the FCC-ee stages, not just Higgs


• Higgs physics is not just e+e− → ZH



At 1-loop, operators contribute to many observables
• Global fits including NLO Higgs eventually 

for better picture

22



At 1-loop, operators contribute to many observables
• Global fits including NLO Higgs eventually 

for better picture


• Least conservative: one operator at a time

Armadillo et al
22

https://inspirehep.net/literature/3147037


At 1-loop, operators contribute to many observables
• Global fits including NLO Higgs eventually 

for better picture


• Least conservative: one operator at a time


• Most conservative: fully marginalized


• Many approximate flat directions

Armadillo et al
23

https://inspirehep.net/literature/3147037


At 1-loop, operators contribute to many observables
• Global fits including NLO Higgs eventually 

for better picture


• Least conservative: one operator at a time


• Most conservative: fully marginalized


• Many approximate flat directions


• Any actual UV model will have patterns 
and lie somewhere between these two fits

Armadillo et al
23

https://inspirehep.net/literature/3147037


Electroweak Precision is also Higgs Physics
• For actual models: loops + RG 

can make EWPO as important


• Even a scalar singlet can be 
probed at Tera-Z as well as with 
Higgstrahlung


• Depends crucially on theory 
uncertainties at Tera-Z

Bellafronte, Dawson, Del Pio, MF, Giardino

Born, Fuentes-Martín, Thomsen
*Used 1-loop RGEs, 2-loop available now 24

https://inspirehep.net/literature/3105062
https://inspirehep.net/literature/3112547


What is the goal?
• Measuring couplings is a good first step, but we want to find new states!

• Many Higgs branching ratios hopelessly out of reach at factories

• Even if we find a deviation, will be extremely difficult to unambiguously 

connect to the UV

• We need to produce the BSM particle directly!
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Direct searches

Single Higgs precision

HL-LHC

27 TeV pp, 15 ab-1

FCCee

100 TeV pp, 30 ab-1

10 TeV μ+μ-, 10 ab-1

FCCee/eh/hh or 10 TeV μ+μ-

MF, Meade

25

https://inspirehep.net/literature/2686021


• Higgs precision reach for UV complete models gets you to 


• High energy  or  must remain the eventual goal. Precision is just the first step to 
get there!

𝒪(10 TeV)
pp ℓ+ℓ−

Snowmass Higgs Topical Group Report
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https://inspirehep.net/literature/2152236


• Higgs precision reach for UV complete models gets you to 


• High energy  or  must remain the eventual goal. Precision is just the first step to 
get there!

𝒪(10 TeV)
pp ℓ+ℓ−

Snowmass Higgs Topical Group Report
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Thank you!

https://inspirehep.net/literature/2152236


Backups



Higgs width at muon colliders
MF, Meade 2023

• Can constrain the width by taking ratio of on-
shell / off-shell  production


• Model-dependent, not comparable to  at 
FCC-ee


• For any weakly coupled UV completion: direct 
searches save the day and restore  
precision


• Alternatively, can constrain width with inclusive 
-fusion measurement

VV

ZH

𝒪(0.1%)

ZZ Li, Liu, Lyu

https://inspirehep.net/literature/2686021
https://inspirehep.net/literature/2747781


Scheme dependence

Biekötter, Pecjak, Scott, Smith

Biekötter, Pecjak, Smith

https://inspirehep.net/literature/2657687
https://inspirehep.net/literature/2737318

